Introduction
Carbon nanotubes 1),2) have attracted much attention since discovery because of the unique properties that may impact many fi elds of science and technology 3) 6) . The synthesis has received much attention, and several methods such as electric arc discharge 7) , laser ablation 8) , and catalytic decomposition of hydrocarbons 9) have been established. Among these methods, we believe that the catalytic method is the most effi cient for large-scale and low-cost synthesis.
Huge amounts of methane hydrate are known to be present under permanently-frozen ground and at the bottom of the ocean. Global warming is feared to break down the stability region of such methane hydrate deposits, thus releasing methane into the atmosphere. Then, the global temperature will possibly rise exponentially, since the global warming potential of methane is higher than that of carbon dioxide. Therefore, the available processes for obtaining energy from methane without formation of carbon dioxide are very important to investigate. Methane decomposition yielding hydrogen and carbon is one of the candidates, and the hydrogen produced is suitable for fuel cells, because it is free from carbon monoxide in principle.
In a previous paper 10) , we reported that Ni catalyst supported on zirconia synthesized by the glycothermal method provided a high carbon yield in the decomposition of pure methane. However, natural gas from a gas well may contain carbon dioxide. In this work, therefore, we examined the catalytic decomposition of methane in the presence of carbon dioxide cofeed and showed that the dry-reforming reaction continued even after the carbon formation apparently ceased.
Experimental
A zirconia sample with a large surface area (about 150 m 2 /g) was prepared by the glycothermal (GT) m e t h o d 11) ,12) a n d u s e d a s t h e c a t a l y s t s u p p o r t . Catalysts were prepared by the impregnation method using an aqueous solution of Ni(NO3)2 6H2O 13) . The catalysts were calcined at 400 C for 30 min prior to the reaction.
Methane decomposition was carried out in a thermogravimetric apparatus (Rigaku, TAS8110) as illustrated in Fig. 1 . The catalyst (20 mg) was set in a Pt mesh holder and heated in an argon fl ow (10 ml/min) to the l/min) to the l reaction temperature. The gas fl ow was replaced with 40 ml/min of the reaction gas containing various ratios l/min of the reaction gas containing various ratios l of methane to carbon dioxide. The weight gain due to carbon formation was monitored against the reaction time, and the reaction was continued until the weight gain ceased. The rate of carbon formation was calculated from the slope of the weight gain-vs.-time curve at 1 min after introduction of the reaction gas, and the carbon yield was directly obtained by the weight gain at the end of the reaction. During the reaction, the effl uent gases were repeatedly analyzed by an on-line gas chromatograph. The water content in the effl uent gas was analyzed by a multi-hygrometer (YAMATO, YH-40M).
To investigate the reaction of carbon nanotubes with carbon dioxide, carbon nanotubes were set in the thermogravimetric apparatus, heated in an argon fl ow to the reaction temperature, and allowed to react with carbon dioxide by replacing the gas flow with pure carbon dioxide.
Purifi cation of the carbon nanotubes was carried out as follows. Carbon nanotubes (100 mg) obtained by decomposition of pure methane over 10 wt% Ni/ZrO2 (GT) at 650 C were soaked in 46% HF for one week, washed with deionized water, and dried at 100 C for one day. The sample was designated as CNT-purifi ed. A sample of 10 wt% Ni/CNT-purifi ed was prepared by impregnation of CNT-purifi ed with an aqueous solution of Ni(NO3)2, and calcined at 400 C for 30 min prior to the reaction.
Morphologies of the carbon deposited by the methane decomposition were observed using a transmission electron microscope (TEM), Hitachi H-800, operated at 200 kV. Raman spectra were recorded on a Jobin-Yvon T64000 spectrometer at room temperature using a 514.5 nm argon laser. The TEM and Raman experiments used carbons without purifi cation; therefore, the samples contained the catalyst materials. Figure 2 shows the weight gain due to carbon formation from the 1 : 1 mixture of methane and carbon dioxide over 10 wt% Ni/ZrO2 at various reaction temperatures. The reaction did not occur at 400 C. At 450 C, reduction of the catalyst with methane took place slowly with a decrease in the catalyst weight and only a low carbon yield was observed. To examine the effect of the oxidation state of the Ni catalyst, the catalyst was reduced in a hydrogen fl ow at 300 C, and a 1 : 1 mixture of CH4 and CO2 was introduced to the catalyst bed at 400 C. However, neither weight gain nor formation of hydrogen, carbon monoxide, or water could be detected. Therefore, the inertness of the catalyst for methane decomposition or CO2 reforming at 400 C is not due to the oxidation state of the catalyst. The equilibrium constant for methane decomposition at 400 C is 6.45  10 −3 MPa; therefore, a detectable amount of hydrogen should be formed when equilibrium was attained. However, the reaction behavior at 450 C suggests that the catalyst will be promptly deactivated at 400 C, even if methane decomposition occurred at this temperature.
Results and Discussion

1. Effect of the Reaction Temperature
The initial rate of carbon formation increased with higher reaction temperature (450-680 C). The highest initial rate of carbon formation was observed at 680 C (data not shown in Fig. 2) , which was the same as that observed for pure methane decomposition. The highest carbon yield was observed at 500 C (4.38 g/g-cat). This temperature was also identical with that for pure methane. However, the initial rate of carbon formation observed in the presence of carbon dioxide was lower than that for the decomposition of pure methane. This is due to the decrease in the partial pressure of methane and to the gasifi cation of the deposited carbon by carbon dioxide. Figure 3 shows the weight gain due to carbon formation from the 3 : 1 mixture of methane and carbon dioxide over 10 wt% Ni/ZrO2 at various reaction temperatures. The carbon yield at this feed composition was much higher than that observed for the 1 : 1 mixture. Figure 4 shows the results for the 1 : 3 mixture of methane and carbon dioxide. The rate of carbon formation decreased with lower partial pressure of methane. The carbon yield also decreased with lower partial pressure of methane.
In the previous paper 10) , we reported that in the decomposition of pure methane, the catalysts were rapidly deactivated after a certain period of reaction, and concluded that the catalyst deactivation was facilitated by decreasing the partial pressure of hydrogen in the catalyst bed. In the presence of carbon dioxide, the catalyst gradually deactivated. This is because carbon dioxide reacts with the carbon species remaining on the front surface of the nickel particles, and converts the carbon species into carbon monoxide. Therefore, carbon dioxide behaves in a similar manner as hydrogen.
The apparent activation energy of the reaction for the 1 : 3 mixture (13.7 kJ/mol) was lower than those for the reactions of the 1 : 1 and 3 : 1 mixtures (34.5 kJ/mol and 66.6 kJ/mol, respectively). This can be attributed to the gasification of carbon with carbon dioxide (Eq. (1)). This reaction becomes predominant at high temperatures, which may be one of the reasons for the low carbon yield in the 1 : 3 reaction.
C + CO2 2CO (1) Figure 5 shows the Raman spectra of carbon formed from the 1 : 1 mixture of methane and carbon dioxide over 10 wt% Ni/ZrO2 at various temperatures. Two bands were observed in all the Raman spectra. The G band at 1590 cm −1 is due to graphite sheets. The band at 1360 cm −1 is called the D band and is associated with defects and disorder 14) , 15) . The intensity ratio of the D band to the G band (ID ID I /I /I / G IG I ) provides a measure for the crystallinity of graphite layers. The ratio of ID ID I /I /I / G IG I was 0.53 for the carbon formed at 750 C, whereas the ratio of ID/IG was 1.21 at 500 C. The intensity of the D band decreased with higher reaction temperature. Therefore, the carbon species formed at higher reaction temperatures had more graphite-like structure. Similar results were obtained for the reaction of pure methane 10) . Figure 6 shows the TEM images of carbon formed from the 1 : 1 mixture of methane and carbon dioxide over 10 wt% Ni/ZrO2. The TEM observation revealed that the graphite sheets of the carbon formed at high temperatures were parallel to the growth direction of the carbon fibers, indicating that multi-walled carbon nanotubes were formed. The carbon formed at lower temperatures contained amorphous carbon besides fibrous carbon. Therefore, the carbon formed at low temperatures had a number of structural defects. On the other hand, the carbon nanotubes formed at 750 C were long and straight. The essential features of these results were the same as the previous results obtained for pure methane decomposition 10) .
2. Effect of the Partial Pressure of Carbon
Dioxide To investigate the effect of partial pressure of carbon dioxide in the reaction gas, mixtures of methane and carbon dioxide with various ratios were fed to the reactor, adjusting the total fl ow rate to 40 ml/min. l/min. l Figure 7 shows the weight gain due to carbon formation over 10 wt% Ni/ZrO2 at 650 C. When a small amount of carbon dioxide was co-fed to the catalyst, a larger amount of deposited carbon was obtained. In other words, the carbon yield from the mixture of methane and carbon dioxide was larger than that formed in pure methane. The highest carbon yield (3.85 g/g-cat) was attained by the 3 : 1 mixture of methane and carbon dioxide, whereas 2.47 g/g-cat carbon yield was obtained by decomposition of pure methane. However, further increases in carbon dioxide concentration in the feed gas decreased carbon yield.
In the presence of carbon dioxide in the gas phase, the gasifi cation of the carbon deposited on the Ni surface occurred by Eq. (1). Thus, a small amount of carbon dioxide extended the catalyst life, yielding a larger amount of carbon. In contrast, in the presence of a large amount of carbon dioxide, the carbon yield became small because the driving force for the formation of carbon was small. This point will be discussed later. Figure 8 shows the Raman spectra of carbon formed over 10 wt% Ni/ZrO2 by methane decomposition in the presence of carbon dioxide with various partial pressures. The ID ID I /IG IG I ratio decreased with higher partial pressure of carbon dioxide. The ID ID I /I /I / G IG I ratio was about 0.5 for the feed gas with CH4 : CO2 = 1 : 3, indicating that the presence of carbon dioxide in the feed facilitated the formation of well-crystallized graphite sheets. feeds with higher CO2 concentrations were long and straight, whereas higher CH4 concentrations resulted in formation of sinuous nanotubes.
In the presence of a large concentration of carbon dioxide, gasifi cation of the carbon was facilitated, and the rate of carbon formation decreased with lower partial pressure of methane. Therefore, carbon formed under these conditions had high graphite order because of the slow growth rate of the graphite layers. Similar results were obtained for methane decomposition in the presence of hydrogen 10) .
Mechanism of Methane Decomposition in the
Presence of Carbon Dioxide Cofeed Since the reaction conditions are similar to dry-reforming, composition of the effl uent gas was analyzed. Figure 10 shows the results for the reaction of the feed gas composed of CH4 : CO2 = 1 : 1 over 10 wt% Ni/ ZrO2 at 650 C. Figure 10 also shows the rate of carbon formation calculated by differentiation of the weight-time curve given in Fig. 2 . Surprisingly, formation of hydrogen, carbon monoxide, and water continued even after the carbon formation apparently ceased (120 min at 650 C). This result shows a sharp contrast to the result for pure methane decomposition in which the formation of hydrogen stopped when carbon formation ceased.
Pt is active for CO2 reforming of methane 16),17) . Since a Pt mesh holder was used for the reaction (see 2. Experimental), CO2 reforming may have occurred on the holder. However, no hydrogen, carbon monoxide, or water could be detected when the reaction was carried out using the Pt mesh holder without the catalyst (blank test). Therefore, the Pt mesh holder did not take part in CO2 reforming of methane.
It is generally believed that carbon nanotubes are formed by the dissociation of methane on the Ni metal surface, dissolution of the surface carbon into the nickel particles, and diffusion of carbon through the Ni metal particles followed by deposition of the graphite sheets on the rear side of the nickel particle 18) 20) . In the previous paper 10) , we reported a possible mechanism for the deactivation of the catalyst for methane decomposition. In this mechanism, part of carbon atoms remain on the front surface of the nickel particles, gradually developing into graphite sheets. Therefore, the catalyst is rapidly deactivated at a certain carbon yield in the decomposition of pure methane. This is because the partial pressure of hydrogen in the catalyst bed affects the development of the graphite sheets. In the decomposition of pure methane, the rate of carbon formation is decreased by gradual development of the graphite sheets on the nickel particles. Simultaneously, the partial pressure of hydrogen in the catalyst bed is decreased, which diminishes the reaction rate of surface carbon species with gas-phase hydrogen molecules, thus causing rapid deactivation of the catalyst.
According to the reported mechanism for carbon dioxide reforming 21) , CH4 is decomposed to carbon species on both Ni particles and acid sites of the support, and CO2 is also activated on both Ni particles and the support. Methane decomposition on Ni particles takes place much faster than removal of the carbon species by reaction with surface oxygen species on Ni. After a while, most Ni particles are covered by the carbon species. This process blocks the active sites for the gasification of the carbon and finally causes complete catalyst deactivation.
In our experiments, the reaction was continued even after the carbon formation apparently ceased. Similar behavior has not been reported. Therefore, we will discuss the mechanism here. There are some possibilities to explain the results. (1) Dry-reforming takes place on the surface of the carbon formed by decomposition of methane. (2) Dry-reforming and methane decomposition take place on different active sites. (3) Nickel particles are not covered with the deposited carbon, even after the carbon formation ceases in the presence of carbon dioxide cofeed.
To examine these possibilities, the reaction of the deposited carbon with carbon dioxide was studied. Carbon nanotubes were prepared over 10 wt%Ni/ZrO2 by decomposition of pure methane. After no further weight increase was detected, the feed gas was replaced with pure carbon dioxide (40 ml/min). Figure 11(a) shows the gasification behavior of the carbon (20 mg) with CO2. After an induction period, gradual weight decrease was observed and the rate of gasification of the carbon gradually increased, fi nally attaining a constant rate. To ensure that the reaction takes place on the nickel catalyst, the catalyst was removed from the carbon nanotubes by soaking the nanotubes in HF solution for 7 days, followed by washing with deionized water until the washings became neutral. When CNTpurified was allowed to contact with a CO2 flow, no weight decrease was detected, indicating that the gasifi - No weight increase was detected when the purified nanotubes were allowed to contact with a methane fl ow. Then, CNT-purified was impregnated with nickel and the mixture was allowed to react with carbon dioxide (Fig. 11(c) ), resulting in weight decrease. Therefore, possibility (1) is ruled out. To examine possibility (2), we investigated whether ZrO2 particles were active for methane decomposition and CO2 reforming. First, pure methane was allowed to react on ZrO2 at 650 C. No weight change of the catalyst was detected. Second, the mixture of methane and carbon dioxide was passed over the ZrO2 particles, but no reaction could be detected at 650 C, indicating that ZrO2 is not active for either methane decomposition or CO2 reforming. Third, after the carbon formation ceased during decomposition of pure methane, the reaction gas was replaced with methane _ carbon dioxide mixture. No weight change of the catalyst was recorded, nor was CO detected by gas chromatographic analysis of the effl uent gas. These results indicate that the reaction did not occur on ZrO2, carbon nanotube surfaces, or encapsulated nickel particles, since the previous study showed that under these conditions, the nickel particles on the tips of the carbon nanotubes were encapsulated by the graphite sheets 10) . Therefore, the active sites for methane decomposition and dry-reforming were present on the surface of the nickel particles, and possibility (2) is ruled out.
To confi rm the difference in the nickel conditions on the tips of the carbon nanotubes after the reactions of pure methane and methane _ CO2 mixture, the feed gas was replaced by carbon dioxide (40 ml/min), after no further weight gain (3.1 g/g-cat) was observed during the reaction of 1 : 1 mixture of methane and carbon dioxide over 10 wt% Ni/ZrO2. Figure 11(b) shows the result. A rapid weight decrease was observed from the very initial stage. This result is in sharp contrast with the result obtained for the carbon nanotubes formed from pure methane ( Fig. 11(a) ), where an induction period was observed. The induction period can be explained by the fact that the nickel particles on the tips of the carbon nanotubes formed from pure methane are covered with graphite layers. The absence of the induction period suggests that the nickel particles at the tips of the carbon nanotubes formed from the CH4 _ CO2 mixture are not covered with graphite layers. Therefore, possibility (3) seems to be the most plausible because of gasifi cation of the carbon deposited on the catalyst surface by carbon dioxide. To confi rm this argument, the following experiments were carried out.
Carbon was accumulated over 10 wt% Ni/ZrO2 by using feed gas composed of CH4 : CO2 = 1 : 1 until no further weight increase was observed. Then, the supply of CO2 was stopped by changing the reaction gas to pure methane (20 ml/min). l/min). l Figure 12 shows the carbon yield of this reaction. The carbon formation restarted after changing the feed gas to pure methane, regardless of reaction temperature. During the weight increase, after the replacement of the feed gas to pure methane, carbon monoxide was not detected in the effluent gases. Therefore, the effect of CO2 remaining in the catalyst bed can be neglected and only methane decomposition occurred during this stage.
This result clearly indicates that the nickel catalysts can decompose methane even after carbon formation has apparently ceased by the reaction of mixtures of CH4 and CO2. The mechanisms for deterioration of the carbon formation activity in methane decomposition in the presence of carbon dioxide cofeed are as follows: Growth of the carbon nanotubes by the decomposition of methane is physically prevented by the Pt mesh holder, catalyst support particles, or the carbon nanotubes themselves. In other words, growth of carbon nanotubes in a limited space increases the internal pressure of the carbon nanotubes, thus increasing the activity of the nanotubes (Fig. 13) . Carbon formation stops when the reaction gas composition is near the equilibri- um with a low driving force for carbon formation but can restart when the feed gas is changed to that with a higher driving force. A large partial pressure of carbon dioxide in the gas phase causes the gasifi cation of carbon deposited on the Ni surface by reaction (1) . Thus, the Ni catalyst did not suffer from deactivation at the early stage of the reaction, and carbon dioxide reforming of methane continued even after carbon formation ceased, although the inherent tendency of the reaction gas for the formation of carbon possibly causes inevitable deactivation of the catalyst after a prolonged time on stream. When the reaction gas was replaced with pure methane, decomposition of methane takes place and the carbon atoms formed diffuse in the bulk of Ni particles due to the large partial pressure of methane. In other words, methane decomposition restarts when the reaction gas composition is far from the equilibrium. Therefore, the carbon nanotubes grew again.
Research for developing dry-reforming catalysts has been carried out using the catalysts with nickel particles strongly anchored on the support surface to prevent expulsion of the nickel particles from the support. On the other hand, the present work aimed at the synthesis of carbon nanotubes and so a completely different deactivation phenomenon was observed.
Conclusion
In the presence of carbon dioxide cofeed, methane decomposition occurred similarly to pure methane decomposition and carbon nanotubes were formed. The initial rate of carbon formation decreased with higher partial pressure of carbon dioxide, but reaction continued for a longer period in the presence of carbon dioxide because the carbon species remaining on the Ni surface were gasified by carbon dioxide. Thus, the presence of low partial pressure carbon dioxide caused higher carbon yield. CO2 reforming continued even after the carbon formation apparently ceased, since gasification of the carbon species remaining on the front surface of Ni particles occurred, and carbon formation ceased because of the physical resistance caused by crowding in the catalyst bed. Even after the carbon formation apparently ceased during the reaction of mixtures of methane and carbon dioxide, the nickel catalysts could still decompose methane if the feed gas was changed to pure methane. For the reaction of the mixture of the methane and carbon dioxide, the reaction gas composition is near the equilibrium and has a low driving force for carbon formation. For the reaction of pure methane, on the other hand, the gas composition is far from the equilibrium and has a high driving force.
